ABSTRACT Salmonella Enteritidis (SE) is a foodborne pathogen that negatively affects both animal and human health. Polymorphisms of the TLR4 gene may affect recognition by Toll-like receptor 4 (TLR4) of bacterial lipopolysaccharide (LPS), leading to differences in host resistance to pathogenic infections. The present study has investigated polymorphic loci of chicken TLR4 (ChTLR4) in ten chicken breeds, electrostatic potentials of mutant structures of TLR4, and a linkage analysis between allelic variation and survival ratio to infection with SE in specific-pathogenfree (SPF) White Leghorns. A total of 19 Single Nucleotide Polymorphisms (SNPs), of which 10 were novel, were found in chicken breeds. Seven newly identified amino acid variants (C68G, G674A, G782A, A896T, T959G, T986A, and A1104C) and previously reported important mutations (G247A, G1028A, C1147T, and A1832G) were demonstrated in the extracellular domain of the ChTLR4 gene. Significant changes in surface electrostatic potential of the ectodomain of TLR4, built by homology modeling, were observed at the Glu83Lys (G247A), Arg298Ser (A896T), Ser368Arg (A1104C), and Gln611Arg (A1832G) substitutions. Linkage analysis showed that one polymorphic locus G247A of TLR4 gene, common in all breeds examined, was significantly associated with increased resistance to SE in SPF White Leghorns chicks (log-rank P-value = 0.04). The genotypes from A1832G SNPs did not show statistically significant survival differences. This study has provided the first direct evidence that G247A substitution in ChTLR4 is associated with increased resistance to Salmonella Enteritidis.
INTRODUCTION
Salmonella Enteritidis (SE) infections do not cause significant disease or mortality in poultry, and birds can carry the bacteria for several weeks without presenting any clinical signs, constituting an insidious risk for public health (Barrow et al., 2012) . The use of antibiotics to combat bacterial diseases in poultry, however, has resulted in medication residues and increased bacterial antibiotic resistance (Wigley, 2013) . Genetic variations in response to pathogenic SE colonization or to SE vaccination have been demonstrated in poultry, and the host genetic background on disease resistance of SE has a profound impact (Berthelot et al., 1998; Kaiser and Lamont, 2001; Kaiser et al., 2002; Lamont et al., C Liu et al., 2002; Kogut et al., 2012; Schokker et al., 2012) . In this context, selection of more resistant chickens can be considered as an alternative solution to solve the problem of SE infection in poultry production. Toll-like receptor 4 (TLR4), an innate immune pattern recognition receptor, which can recognize lipopolysaccharide (LPS) of gram-negative bacteria, plays an essential role in immune responses (Akira and Takeda, 2004) . Previous studies have confirmed two polymorphic mutations in the extracellular domain of human TLR4 (Asp299Gly and Thr399Ile) decreasing LPS responsiveness (Arbour et al., 2000) and altering TLR4 signaling response to gram-negative infections (Agnese et al., 2002; Figueroa et al., 2012) .
Mutations of human TLR4 are associated with resistance/susceptibility to bacterial infections and the corresponding mechanisms have been explored (Arbour et al., 2000; Noreen et al., 2012) , but only limited information is known about the contribution of avian TLR4 polymorphic mutations to bacterial diseases, such as salmonellosis, in birds. 2040
Polymorphisms of chicken TLR4 (ChTLR4) could explain the difference in susceptibility against acute salmonellosis and Salmonella carrier state between different breeds and lines of chickens (Beaumont et al., 2003; Leveque et al., 2003; Malek et al., 2004; Calenge and Beaumont, 2012; Li et al., 2013) ; the variants ChTLR4 (Tyr383His and Gln611Arg), however, did not activate the LPS-induced immune response in vitro (Keestra and van Putten, 2008) . All these results suggested that more attention paid to understanding the underlying mechanisms of resistance to Salmonella infection. Although ChTLR4 polymorphic mutations have been investigated in different breeds (Ruan et al., 2012) and several Single Nucleotide Polymorphisms (SNPs) associated with Salmonella challenge have been identified Malek et al., 2004; Li et al., 2013) , more study is needed to assess the ambiguity of views in genetic resistance to Salmonella. And more abundant ChTLR4 loci and functional SNPs associated with anti-Salmonella still need to be explored.
The objectives of this study were to investigate the allelic variations in TLR4 (including three complete exons and parts of the introns) in ten chicken breeds, the electrostatic potential of the variant ChTLR4, and the association of genotypes with survival ratios after Salmonella Enteritidis challenge.
MATERIALS AND METHODS

Ethics Statement
All of the animal experiments were conducted in accordance with the Guidelines for Experimental Animals established by the Ministry of Science and Technology (Beijing, China). Animal experiments were approved by the Animal Management Committee (in charge of animal welfare issues) of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (IAS-CAAS, Beijing, China). Ethical approval on animal survival was given by the animal ethics committee of IAS-CAAS.
Animal Resources
Ten chicken breeds consisting of White Leghorns and Chinese native breeds (Beijing You, White earlobes Yellow, Liyang, Henan Game, Taihe, Big Bone, Langshan, Xianju, and Chahua), were obtained from National Chicken Genetic Resources (Yangzhou, China) and Institute of Animal Science, Chinese Academy of Agricultural Science (Beijing, China). All experimental procedures were performed in accordance with the Guidelines for Experimental Animals established by the Ministry of Science and Technology (Beijing, China). Blood samples were collected from the wing vein for 55 to 60 chickens in each breed at 15 wk of age, and genomic DNA was isolated from noncoagulated blood by the phenol-chloroform method (Sambrook and Russell, 2001 ). The DNA purity was assessed by electrophoresis on 1.5% agarose gels and UV spectrophotometry; quality of the DNA was consistently high.
Identification of Single-nucleotide Polymorphisms
Genetic variants in the TLR4 genomic DNA sequences were analyzed in genomic DNA from 50 to 60 individuals of each of the 10 breeds using polymerase chain reaction (PCR) direct sequencing (Yamashita et al., 1995) . Four primer pairs were designed according to the Gallus gallus TLR4 gene sequences (Table 1) to amplify the three exons completely and parts of the introns. The size of the entire ChTLR4 fragment by PCR is 5,000 bp and its sub-fragments, examined here, are shown in Figure 1 . The PCR reactions included 1.0 μL (100 ng) of template DNA, 12.5 μL of 2 × Taq PCR MasterMix (TG Biochemical Technology, Beijing, China), 1.0 μL of each primer (10 pmol), and ddH 2 O to 25 μL final volume using the following conditions: 94
• C for 5 min, 34 cycles of 94 • C for 30 s, annealing for 60 s (see Table 1 ), 72
• C for 1 min, and a final extension at 72
• C for 10 min. PCR products were examined in 1% agarose gels stained with ethidium bromide to standardize the amount added in subsequent ligase detection reactions (see below).
Genotyping
The selected SNPs (G247A, G1028A, and A1832G) were found in all breeds examined, White Leghorns and the Chinese native breeds. These loci have the general characteristics of disease resistance, and have been Figure 1 . Schematic representation of the chicken TLR4 gene and the fragments amplified, containing exons 1, 2, 3 and introns 1 and 2. ChTLR4 is located on Chromosome 17: 3,566,454-3,571,907. In this study, the TLR4-1 fragment is from Chr 17: 3,566,226 to 3,567,452, including part of 5 upstream, intron 1, and the complete exon 1; the TLR4-2 fragment is from 3,567,329 to 3,568,853, including part of introns 1 and 2 and the complete exon 2; the TLR4-3 fragment is from 3,568,579 to 3,569,310, including parts of intron 2 and exon 3; the TLR4-4 fragment is from 3,569,214 to 3,571,233, including part of exon 3 and the 3 untranslated region(UTR). Table 2 . Probe sequences for PCR-LDR genotyping.
Probe name
Probe sequences (5 -3 )
identified by others Ruan et al., 2012; Li et al., 2013) . It was necessary to confirm the possible function of loci G1028A and A1832G and examine the disease resistance of the new site (G247A).
Hatchling specific-pathogen-free (SPF) White Leghorn chickens (n = 250) were genotyped at these loci by PCR-Ligase detection reactions (LDR) (Barany, 1991) . For each SNP, three probes were designed, one common probe and two discriminating probes for the two alleles ( Table 2 ). The common probe anneals to the PCR-amplified template immediately downstream of the nucleotide of interest. The common probes contained a phosphate in the 5 -terminal position and a 6-carboxyfluorescein (FAM) fluorophore at their 3 -end. One allelic probe has at its 3 -end the nucleotide corresponding to the wild-type allele; the other probe has the nucleotide corresponding to the variant allele. These two allelic probes compete to anneal to the template adjacent to the common probe generating a double stranded region containing a nick (missing phosphodiester bond) at the nucleotide position to be tested. Only the allelic probe with perfect complementation to the template will be ligated to the common probe by DNA ligase. To confirm the accuracy of PCR-LDR genotyping method, direct DNA sequencing of randomly selected PCR products was performed for 5% of the samples, selected randomly. The PCR-LDR genotyping showed 100% concordance with direct DNA sequencing of the PCR products.
Modeling and Electrostatics of Chicken TLR4 Mutants
In order to understand whether the protein structure and function change were caused by amino acid mutation, the extracellular domain of ChTLR4 was predicted using bioinformatics software. The construction of structural models of mutant TLR4 ectodomains and calculation of their associated surface electrostatic potentials were performed in the Discovery Studio program, version 2.5 (Accelrys, San Diego, CA). In brief, the TLR4 ectodomain was homology modeled based on the crystal structure of rodent (PDB identifier 2Z64) with MODELLER (Sali et al., 1995) . Loop regions of the protein structure were refined using the Looper algorithm and CHARMm-based molecular mechanics. The refined models were validated using PROCHECK (Laskowski et al., 1993) and ERRAT (Colovos and Yeates, 1993 ). The final model chosen was that giving the peptide with the lowest energy. Continuum solvent electrostatic potential calculations at the molecular surface of each mutant were also performed in Discovery Studio.
Infection of Birds
SE challenge was conducted as described previously (Gou et al., 2012) . In brief, genotyped White Leghorn SPF chickens (n = 122) were injected intramuscularly Management (1996) . Subsequent survival data were examined for each genotype at each of the three SNP loci (see Table 3 ). The data are expressed as the proportion of animals surviving the infection at each time and are shown as the percentage of survival.
Statistical Analysis
All analyses were performed with the SPSS Version 13.0 software (SPSS Inc., Chicago, IL). Differences in gene and genotypic frequencies were evaluated by chi-square tests. Survival curves were estimated by the Kaplan-Meier method. The log-rank test was used to estimate the statistical difference between survival curves. P-values of ≤0.05 were considered to be statistically significant. Survival graphs were plotted using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA).
RESULTS
Amplification of the chicken Toll-like receptor 4 gene and occurrence of polymorphic loci in ten chicken breeds
The fragment of the TLR4 examined here and the sub-fragments used for PCR analysis are shown in schematic form (Figure 1) . Amplicons from the four PCRs had consistent sizes in a random selection of the breeds (data not shown). Sequencing identified 10 novel SNPs (#s 1, 4, 6, 7, 9, 12, 13, 14, 15, and 17 in Table 4 ), of which 7 (#s 1, 4, 6, 9, 12, 15, and 17) result in amino acid changes and 3 were silent mutations. All 7 amino acid variants (Cys23Ser, Gly225Glu, Arg261Lys, Arg298Ser, Val320Gly, Val329Glu, and Ser368Arg) were located within the extracellular domain of TLR4. In addition, 9 SNPs (#s 2, 3, 5, 8, 10, 11, 16, 18, and 19) were also identified here, including potentially important mutations (G247A, G1028A, C1147T, and A1832G), as previously reported Ruan et al., 2012; Li et al., 2013) .
Two newly identified nonconservative replacements (Arg298Ser and Ser368Arg) involve an A to T substitution at nucleotide position 896 (A896T) and a C to A transition at nucleotide position 1104 (A1104C), resulting in an arginine (positively charged and hydrophilic amino acid) to serine (neutral and hydrophobic amino acid) change, respectively. Another novel nonconservative replacement (SNP #12 T986A) involves a T to A transition at nucleotide position 986 and results in a nonconservative hydrophobic valine to hydrophilic glutamic acid change. Similarly, the new nonconservative replacements (G674A, G782A, and T959G) also result in changes in charge.
In brief summary, a total of 19 SNPs, 10 of which are novel, were found in the chicken breeds examined. Five loci (G247A, G903T, G1028A, C1147T, and A1832G) of varied amino acid sequence were found in all ten chicken breeds and the three nonconservative changes (A896T, T986A, and A1104C) were detected in most Chinese native chicken breeds (5/9, 5/9, and 8/9), but not in the White Leghorns.
Allelic and Genotypic Frequencies
Three SNPs in the TLR4 gene (G247A, Glu83Lys; G1028A, Arg343Lys; and A1832G, Gln611Arg) were genotyped at each locus and their frequency distributions are shown in Table 3 . At the G247A and A1832G loci, the G alleles were more frequent than A alleles but the reverse was true at the G1028A locus. Genotypes did not differ from the expected Hardy-Weinberg equilibrium (P > 0.05).
Electrostatic Potential of Mutant Structures
After modeling the three-dimensional structure of the ChTLR4 ectodomain (Supplementary Figure S1) , 
A1832G
Chr17:3570205 Exon 3 Q/R 611 All AA = amino acid; All = all breeds studied; BB = Big Bone; BY = Beijing-you; CH = Chahua, HG = Henan Game; LS = Langshan; LY = Liyang; TH = Taihe; WE = White Earlobes; WL = White Leghorn; XJ = Xianju.
* These polymorphic loci have been reported previously.
the effects of the Glu83Lys, Arg298Ser, Arg343Lys, Ser368Arg, Tyr383His, and Gln611Arg substitutions on the surface charge distributions were evaluated. Obvious changes of electrostatic potential were observed for each of these substitutions (Figure 2A , B, and C) except the Arg343Lys where the two amino acids have similar charges (data not shown).
Association of Polymorphisms with Survival
The survival curves, after infection with Salmonella, for chickens harboring AA, AG, or GG genotypes within the TLR4 gene loci examined are presented in Figure 3 . The TLR4-247 A allele genotypes demonstrated significantly superior survival ratio (A/A and A/G genotypes, n = 48) compared to the G/G genotype (n = 74) during the observation period after SE challenge (log-rank Pvalue = 0.04, Figure 3A) . The G1028A and A1832G SNPs, however, did not show statistically significant survival difference between the homozygous and heterozygous genotypes ( Figure 3B, 3C ).
DISCUSSION
It is well recognized that genetic control of resistance to Salmonella disease or carrier-state appears to be very complex (Wigley, 2004) . Although it is apparently controlled by several genes with small effect, TLR4 as a key candidate gene has been extensively studied in humans (Arbour et al., 2000; Noreen et al., 2012) , swine (Uenishi and Shinkay, 2009; Kich et al., 2014) , and chickens Calenge and Beaumont, 2012) . Several studies have demonstrated that missense mutations of TLR4 (Asp299Gly and Thr399Ile) are associated with endotoxin hyporesponsiveness, and higher survival rate in mammals (Arbour et al., 2000) . In chickens, related studies of TLR4 mutations and susceptibility after SE infection are sparse and contentious (Beaumont et al., 2003; Leveque et al., 2003; Malek et al., 2004; Keestra and van Putten, 2008; Li et al., 2013) . Herein, direct evidence is provided for TLR4 genotypes in chickens being associated with survival after acute salmonellosis infection.
In the current study, a 5,000 bp ChTLR4 fragment including three complete exons and parts of introns was sequenced from blood DNA of ten chicken breeds and revealed several nucleotide substitutions compared with the published ChTLR4 (accession number AY064697). Ten novel coding nucleotide sequence variants were identified, of which 3 were silent and 7 result in amino acid changes. All identified amino acid variants (Cys23Ser, Glu83Lys, Gly225Glu, Arg261Lys, Arg298Ser, Glu301Asp, Val320Gly, Val329Glu, Arg343Lys, Tyr383His, Ser368Arg, and Gln611Arg) were located within the extracellular domain of TLR4 that is known to be important for ligand recognition . Similarly, the previous studies also reported that 4 of these (Glu301Asp, Arg343Lys, Tyr383His, and Gln611Arg) were found in resistant and susceptible chicken lines and different avian breeds (Ruan et al., 2012) .
In addition, the locus Glu83Lys found here is in agreement with the results from the study by Beaumont et al. (2003) in resistance to Salmonella carrier-state in brown-egg hens. The SNPs within the TLR4 gene were highly suspected as having significant association with the number of infected organs. involve an A to T transition at nucleotide 896 and a C to A transition at nucleotide 1104, resulting in the change of electrostatic distribution. Note the contrast of the circled region here in C left and C right. Electrostatic potential ranging from -5 kBT/e to 5 kBT/e is presented in a red (negative)/white (neutral)/blue (positive) spectrum. The surface diagrams were generated with Discovery Studio.
Interestingly, 3 polymorphic loci (Arg298Ser, Val329Glu, and Lys368Glu), first reported here, only exist in most of the Chinese native breeds (5/9 and 8/9) but not in commercial White Leghorns. Thus it is likely that these missense mutations in different chicken breeds have led to their susceptibility to salmonellosis (Li et al., 2006; Schou et al., 2010) .
Although the crystal structure of human and mice TLR4 ectodomain is now known (Kim et al., 2007; Jin and Lee, 2008) , that of the chicken protein has not yet been elucidated. Accordingly, the structural models of the ChTLR4 ectodomain built here were based on homology to the crystal structure of mouse (PDB 2Z64) (Identities = 39%, Positives = 55%, Expect = 8.8e
−112 ) (Supplement Figure S1 ). Effects of amino acid substitution at six locations (Glu83Lys, Arg298Ser, Arg343Lys, Ser368Arg, Tyr383His, and Gln611Arg) on surface charge distribution of ChTLR4 were also determined. Significant changes of electrostatic potential were observed with the Glu83Lys, Arg298Ser, Ser368Arg, and Gln611Arg substitutions. For example, in the case of the Glu83Lys (or E83K) substitution, the E83 (Figure 2A , left) displays a negative charge, while the K83 mutant carries a positive charge in the "worm" model (Figure 2A, right) . These changes may affect secondary structure immediately adjacent to this residue and impact the docking of ligand/cofactor, like MD-2 (Keestra and van Putten, 2008) . Although the precise mechanism by which these polymorphisms mediate their synergistic effects will have to await atomic resolution of the structure, the present models provide a testable interpretation of the structure to interpret the biological data, as obtained here.
Earlier analyses of the ChTLR4 gene indicated some gene polymorphisms among chicken breeds that have been linked to resistance or susceptibility to Salmonella typhimurium infections . To directly analyze the impact of TLR4 mutations in SPF White Leghorn chickens to infection with Salmonella serovar Enteritidis, a linkage analysis was performed using survival ratio postinfection as the phenotype in the present study. The survival ratio was higher in the SNP (G247A) A allele genotypes than GG genotypes after SE challenge (log-rank P-value = 0.04). However, the G1028A and A1832G SNPs did not show statistically significant survival differences between the homozygous and heterozygous genotypes. Interestingly, a significant effect of the SNP (G247A) within the TLR4 gene was observed on the number of contaminated organs (Beaumont et al., 2003) . These consistent results seem to indicate the unique role of this locus in resistance to early acute Salmonella Enteritidis or carrier state. Leveque et al. (2003) previously showed that genotypes AA and GG at locus 1832 (Gln611Arg) were detected in resistant (W1) and susceptibility (C) inbred lines respectively. Survival ratio for (W1 × C) filial generation (F1) × C progeny harboring CW1 (AG) was lower than for the CC (GG) genotype. Our recent study, however, showed no significant differences between genotype haplotype combination (G903T and A1832G) and cecal SE load in ChTLR4 (Liu et al., 2015) . Another study (Malek et al., 2004) found no significant association between the TLR4 SNP (in an intron, a G → C substitution at position 3,954 bp) and bacterial load of spleen or cecum. In contrast, one SNP G1894C in the second intron of ChTLR4 was scanned in the two breeds of hens, and showed significant association with Salmonella natural infection (Li et al., 2013) . In addition, Keestra and van Putten (2008) did not observe the polymorphism in ChTLR4 (C1147T and A1832G) influencing the LPS response in HD11 chicken macrophage cell line. Thus, it is likely that other factors such as alternative TLR4 agonists, but not LPS, may be present in vivo. These different results, described above, are related to many factors, including chicken breed, age, Salmonella strain, variables related to the infection protocol used (i.e., injection route, inoculum dose, time postinfection, etc.) (Beaumont et al., 2009; Calenge and Beaumont, 2012) . A variety of studies, with different approaches, will aid in better understanding of the mechanisms of resistance to salmonellosis.
In the present study, the results suggested that the genetic variants in TLR4 are associated with resistance to SE, and that genotype AA/AG (G247A) was associated with increased resistance to Salmonella Enteritidis in White Leghorns chicken.
In summary, polymorphic loci of ChTLR4 among various chicken breeds, a linkage analysis between allelic variation, and survival ratio to infection with serovar Enteritidis in SPF White Leghorns and the electrostatic potentials of ChTLR4 mutant structures have been investigated. Direct evidence was obtained for mutation of ChTLR4 (Glu83Lys) being associated with increased resistance to Salmonella Enteritidis. Two of the polymorphic loci (Arg298Ser and Lys368Glu), reported here for the first time, were only found in Chinese native chickens. The present findings improve and enrich current understanding of the role of avian TLR4 underlying variable resistance to bacterial diseases in chicken.
SUPPLEMENTARY DATA
Supplementary data are available at PSCIEN online. Figure S1 . Predicted structure of the chicken TLR4 ectodomain. The alpha helices are shown in red, and the beta sheets are shown in blue and numbered (β1-β23). ChTLR4 three-dimensional structure generation and dynamic optimization used Discovery Studio 2.5.
